In 1991, Silny described a new method of esophageal function monitoring, based on recording a physical quantity -impedance (1) . This technique involves measuring of electrical conductivity in esophageal contents. Interpretation of the results is based on the difference in electrical conductivity and impedance between gas, liquids, and solids. The distribution of impedance rings at different levels allows determining the direction of passage of esophageal contents: pharynx-esophagus-stomach, or the other way. Incorporation of impedance channels and pH measuring channels into a single catheter (MII-pH) was used to monitor gastroesophageal reflux, which improved the diagnostic value of pH monitoring. Impedance is a quantity expressed in ohms (Ω), used for measuring total resistance to alternating current flowing between two electrodes (the measure of difference in potentials between two electrodes) (1) . The essential element in the esophageal impedance monitoring technique is the so-called impedance-measuring segment. An alternative current generator provides a difference in electrical potential between two electrodes on the catheter placed 2 centimeters apart and separated by an isolator. The electrical circuit can be closed only by the ions present in the catheter's environment. If the catheter is surrounded only by air, there is no electrical flow between the electrodes, and the resistance to alternative current (i.e. impedance) is high. However, if the catheter is placed in the esophagus, the flow of electricity between electrodes is possible due to electrical charges in the esophageal tunica mucosa, submucosa, and muscularis. Any substance within the esophageal lumen (e.g. saliva, food bolus or regurgitated stomach contents) causes characteristic changes in impedance (2) . Liquid stomach contents flowing back into the esophagus cause increased electrical flow, or decreased impedance, due to its high ion concentration. Impedance changes allow distinguishing the nature of esophageal contents into gas, liquid, and mixed (gas-liquid). The use of multiple measuring points (multiple pairs of electrodes) distributed at different levels in the esophagus allows assessment of the direction in which the bolus moves within the esophagus, whether it is in concordance with the peristaltic wave, or it is rather a backflow (reflux) of the stomach contents into the esophagus (2) . A food bolus increases conductivity and subsequent electrical flow between a pair of recording electrodes. At the moment when the food bolus is at the level of the first measuring electrode (bolus entry) the impedance level decreases (a drop in the impedance curve). The impedance level rises again when the food bolus passes the other electrode of the pair (bolus exit). The baseline (reference level) of impedance is considered to be the level of impedance measured at the time when there is no bolus passing near the electrodes. Bolus entry is recorded at the moment when impedance drops by 50% from the initial (baseline) impedance level, and bolus exit is marked by reaching the same 50% impedance value on the impedance recovery curve. A reflux episode is identified when a bolus moves in the antiperistaltic direction. A gas reflux is identified when two adjacent segments simultaneously record increased impedance values of >3000 Ω, with at least one of them recording an absolute value of >7000 Ω. A gas-liquid reflux episode is identified when a gas reflux episode co-occurs with, or immediately precedes, a liquid reflux episode (2) . In 2002, a group of GERD experts in Oporto, Portugal, assessed the techniques of recording gastroesophageal reflux, established a series of recommendations, and created a classification of reflux episodes (tab. 1) (3).
This study was based on studies conducted in 2005-2010. The first versions of computer software for MII-pH measurement analysis did not take into consideration decisions made in Oporto, instead they divided reflux episodes into acid and non-acid based on the conventional classification. In order to achieve a uniform interpretation of all studies presented here, the authors adhered to the conventional classification. Due to the fact that at the time this study was conducted the clinical role of gas reflux episodes had not been established, only the liquid reflux episodes were analyzed. An acid reflux episode was defined as regurgitation of a food bolus recorded by at least 2 adjacent impedance channels and either causes a drop in pH below 4 or occurs when intraesophageal pH is already below 4 and prevents the pH from increasing above that value. A non-acid reflux episode was defined acid reflux should be used to describe refluxed gastric juice with a pH less than 4 which can either reduce the pH of the esophagus to below 4 or occur when esophageal pH is already below 4. superimposed acid reflux is an acidic reflux episode that occurs before esophageal pH has recovered to above 4. Weakly acidic reflux describes reflux events that result in an esophageal pH between 4 and 7. Weakly alkaline reflux should be reserved for reflux episodes during which nadir esophageal pH does not drop below 7.
(6) Based on this definition, Barret's esophagus was diagnosed if the line between squamous epithelium and columnar epithelium was shifted [proximally] with respect to the gastroesophageal junction, and biopsy results confirmed the presence of metaplastic columnar epithelium of the type found in the gastric fundus, cardia or intestines, or any mixed column-cell metaplasia within the esophagus (6) .
The following groups were identified within the study population based on endoscopic findings and the definitions presented above: -21 people constituting a control group, -117 patients with non-erosive, symptomatic reflux disease (NERD), -69 patients with reflux (erosive) esophagitis (RE), -34 patients with histologically proven Barret's esophagus (14 of whom had endoscopic evidence of mucosal erosion within the esophagus apart from Barret's epithelium), -5 patients with endoscopic evidence of Schatzki ring (2 of whom had additionally type A esophagitis according to the Los Angeles classification), -7 patients with reflux disease complicated by esophageal stricture (including 3 patients with gastroscopic evidence of esophageal mucosa erosion). Twenty patients without reflux symptoms, who were hospitalized at the Clinic for other diseases, were included into the control group. Members of this group had no evidence of pathology in fluoroscopy, endoscopy of the upper gastrointestinal tract or manometry, and the result of MII-pH monitoring did not confirm any pathological gastroesophageal regurgitation. All patients from the control group gave their consent to participate in the study. Those patients whose endoscopy of the upper gastrointestinal tract revealed esophageal mucosal defects were classified according to the recommended Los Angeles classification (tab. 2).
The study was conducted with the use of the Sleuth® recording system. This system consists of a recorder, probe, and a computer with software for the analysis of data recorded during the study. Data monitoring was based on analogue recording of changes in impedance via a system of electrodes placed on a nasoesophageal catheter and their subsequent conversion into a digital form. The recorder has as regurgitation of a food bolus recorded by at least 2 adjacent impedance channels that does not cause a drop in pH below 4. A proximal reflux episode was defined as a reflux episode reaching 15 cm above the proximal margin of the lower esophageal sphincter (LES).
MATERIAL AND METHODS
A group of 213 patients referred to the Second Faculty and Clinic of General and Gastrointestinal Surgery and Gastrointestinal Oncology at Medical University in Lublin due to persistent GERD symptoms and 21 volunteers without any clinical symptoms of GERD underwent combined esophageal multichannel intraluminal impedance and pH monitoring (MII-pH). Patient qualification for MII-pH monitoring was preceded by fluoroscopy and panendoscopy of the upper gastrointestinal tract. To ensure correct MII-pH catheter placement, the proximal margin of the lower esophageal sphincter was found via manometry or with a localizer plugged into the MII-pH recorder. The study group was classified based on the definitions approved during the session of the Executive Board of the Polish Society of Gastroenterology (PTG-E) conducted in Warsaw on June 10, 2005, presented below (4): -Gastroesophageal reflux disease (GERD) is defined as esophageal mucosa damage caused by recurrent gastroesophageal reflux episodes and/or the resulting symptoms in a way that significantly worsens the patient's quality of life (4). -Gastroesophageal reflux is regurgitation of stomach contents into the esophagus due to temporary or persistent failure of the lower esophageal sphincter (LES) (4). -Reflux (erosive) esophagitis (RE) is defined as the presence of inflammatory lesions in the esophageal mucosa (mucosal erosion) detected macroscopically during an endoscopic examination (4). -Endoscopy-negative reflux disease (ENRD) is defined as the presence of symptoms typical for GERD but with normal endoscopic findings, i.e. no mucosal erosion or Barret's esophagus. This form of reflux disease is also called symptomatic GERD (sGERD) or non-erosive reflux disease (NERD) (4, 5). Barret's esophagus was diagnosed according to the current Montreal definition of 2006. an LCD screen showing the list of 3 most common symptoms, each having its corresponding function key, and the pH value that is being recorded at the moment by the pH-metric sensor. Moreover, the recorder is equipped with buttons which the patient uses to mark any change in body position as well as the beginning and end of a meal. The "Diary" button can be used to enter any other events. The study was conducted with the use of ZAN-BS-01M probes manufactured by Sandhill Scientific Inc. There are 6 pairs of impedance electrodes located 3, 5, 7, 9, 15, and 17 cm above the proximal margin of the lower esophageal sphincter and one pH-metric sensor located 5 cm above LES. The data is automatically analyzed by a computer with the software accompanying the recorder. The recorded MII-pH data are compared to normal MII-pH values established in a multicenter international clinical study (7) . The use of AutoScan that identifies reflux episodes recorded during the study does not relieve the physician who analyzes data from the obligation to personally review the recorded impedance curves (8) .
Upper gastrointestinal tract endoscopic findings were correlated with the following data from the final MII-pH report: -total number of proximal reflux episodes (high proximal extent, reaching 15 cm above the lower esophageal sphincter), -number of non-acid proximal reflux episodes, -number of acid proximal reflux episodes, -total number of reflux episodes recorded with MII-pH, -number of non-acid reflux episodes recorded with MII-pH, -number of acid reflux episodes recorded with MII-pH, -deMeester score, -baseline levels of the impedance curve for the two distal impedance channels (Z5 and Z6), -number of acid reflux episodes recorded with the pH-metric sensor with deactivated impedance channels. Each patient was properly prepared for the examination prior to the placement of an MIIpH monitoring device. The only recordings included in the analysis were those, before which the patient refrained from taking: -proton pump inhibitors or other drugs affecting gastric secretion -for at least 7 days before the study, -prokinetic drugs -for at least 2 days before the study, -antacids -for at least 24 hours before the study. The patients were also instructed not to eat or drink for 2 hours before the study.
The data from MII-pH monitoring, endoscopic examinations, high-resolution impedance manometry (HRIM), and questionnairederived information was entered into an MS Excel spreadsheet, and subsequently analyzed with STATISTICA PL. With a 5% chance of inferential error, P values <0.05 were considered statistically significant.
The aim of this study was to assess the usefulness of MII-pH monitoring in the diagnostics and treatment of GERD and its complications. Tables 3, 4 , 5, and 6 below present detailed results.
RESULTS
The mean number of acid reflux episodes recorded with MII-pH in all study groups com- N -number; pR -proximal reflux; pNAR -proximal non-acid reflux; pAR -proximal acid reflux; t n r e MII -total number of reflux episodes detected by MII-pH; NAR MII -non-acid reflux detected by MII-pH; AR MII -acid reflux detected by MII-pH; DM -DeMeester score; MBCT -Mean Bolus Clearens Time; MACT -Mean Acid Clearens Time; Z6 -baseline level for channel Z6; Z5 -baseline level for channel Z5; R pH -reflux detected by conventional pH-metry. NERD -nonerosive reflux disease, RE -reflux esophagitis, BE -Barrett's esophagus, S -Schatzki ring, PES -postinflammatory esophageal structure bined, including the control group (a total of 234 patients), was 21.6 ± 23. The recordings were subsequently re-analyzed, but this time the impedance sensors were deactivated. This way the classification of individual events as acid reflux episodes was based exclusively on pH-metric parameters. The mean number of acid reflux episodes recorded by the pH-metric sensor with deactivated impedance channels was 16 ± 24. The difference between these mean values was statistically significant ( fig. 1 ). The total number of acid reflux episodes recorded with MII-pH was 5113, and the total number of such episodes recorded with pHmetry alone, without the impedance module, was 3794. Thus, the sensitivity of pH-metry based on MII-pH was 74.2%. The MII-pH technique was proven to be superior to conventional esophageal pH-metry. The MII-pH technique offers the additional possibility of recording non-acid, gas, and proximal reflux episodes. It is also more sensitive in detection of acid reflux episodes.
The baseline (reference) impedance value is considered to be the level of impedance measured at the moment when there is no bolus movement between the electrodes. Mean baseline levels for the impedance curve for the two distal impedance channels (Z5 and Z6) in patients with GERD (irrespective of the form of the disease) were lower when compared to those in the group of healthy volunteers ( fig. 2  and 3, tab. 3). The fact that this correlation was found also in the NERD group ( fig. 2 and  3 , tab. 3) suggests that changes in esophageal mucosa impedance may be associated with its microinjuries, undetectable in an endoscopic examination. Thus, pathological gastroesophageal regurgitation may be indicated not only by a particular number of reflux episodes, but also by a lower baseline impedance curve from two distal esophageal channels. The presence and severity of inflammatory changes in the esophagus were associated with gus more frequently (12) . The factors responsible for this phenomenon are not fully known, but may include the differences in stomach contents volume and distribution, differences in the regurgitation mechanism, or be a result of physical properties of the refluxate (liquid vs. gas) (12) . Proton pump inhibitors (PPIs) change the chemical nature of the refluxate by increasing the pH of stomach contents (13). However, PPIs do not affect the mechanisms responsible for regurgitation.
The question whether it is the chemical nature or the volume of stomach contents that is responsible for typical GERD symptoms remains unanswered. Another unknown is whether the change in the nature of the refluxate during PPI treatment causes only a change in pH, or also affects the persistent character of the symptoms (13). Therefore, the MII-pH technique, which records non-acid and weakly acidic reflux episodes is useful in making a decision whether or not to change pharmacological treatment in patients with non-acid, PPI-resistant reflux (14). Impedance monitoring allows the correlation of patient-reported symptoms with actual reflux episodes and identification of symptoms unrelated to gastroesophageal regurgitation (14). A positive correlation of symptoms with acid or non-acid reflux episodes has been also proven to be a good prognostic factor for elective laparoscopic Nissen fundoplication (15 -18) . The MII-pH technique is also an essential diagnostic tool in assessing patients with persistent cough, whose upper respiratory etiology was excluded (19) . Nonetheless, the MII-pH technique has specific methodological limitations (20) . An assessment of a 24-hour impedance recording is time-consuming and requires adequate training of the technician (8) . The sensitivity and positive predictive value of the currently available computer software is unsatisfactory (84 and 86%, respectively) (8, 21) .
acid and high-proximal-extent reflux episodes (tab. 3, 4, 5) . No direct relationship between the grade of GERD and the occurrence of nonacid reflux episodes was found (tab. 3, 4, 5). Non-acid regurgitation predisposes to nonerosive reflux disease.
DISCUSSION
Diagnostic 24-hour combined esophageal multichannel intraluminal impedance and pH monitoring (MII-pH) is currently considered to be the golden standard in the diagnostics of GERD (3) This technique differentiates between liquid and gas reflux episodes, but most importantly, detects non-acid (this term is not synonymous with biliary reflux) reflux episodes, which are undetectable by any techniques based solely on pH-metry of esophageal contents (3, 9) . The MII-pH technique also records proximal reflux episodes reaching 15 cm above the proximal margin of LES. The level of sensitivity in impedance recording was confirmed based on other diagnostic techniques. Impedance recordings in a multicenter pH-metry study conducted in 60 volunteers detected 97-98% acid reflux episodes (7). Reflux episodes, especially preprandial ones, are to a certain extent a normal physiological phenomenon, as they occur also in healthy individuals (3). The MII-pH technique is hoped to increase the knowledge and understanding of GERD pathophysiology, etiology, mechanisms, and to help identify the moment when gastroesophageal regurgitation leads to GERD (3). The differences in the nature of the refluxate between healthy individuals and patients with GERD have been proven (10, 11).
A higher incidence of acid reflux episodes was detected in the patient group. Moreover, reflux episodes in patients with reflux disease have been indicated to be of a greater volume and to reach the proximal part of the esopha- Other limitations concern the diagnostic value of the technique in patients with altered esophageal mucosa, due to e.g. esophagitis, esophageal strictures, Schatzki ring, or Barret's esophagus (8, 22) . These conditions are characterized by a lower impedance baseline. Changes in esophageal mucosa may also reduce esophageal motility resulting in liquid bolus retention (8, 22) . This may interfere with data interpretation, as a characteristic increase in impedance due to regurgitation or swallowing cannot be seen, instead there are only flat impedance curves (8, 22) . On the other hand, the impedance baseline in the present study in patients with NERD was also lower compared to that in healthy volunteers. This may indicate that pathological gastroesophageal regurgitation leads to microinjuries in the esophageal mucosa, which are not yet detectable in an endoscopic examination, but already alter the electrical properties (resistance) of the esophageal mucosa. Thus, pathological gastroesophageal regurgitation may be indicated not only by detection of a certain number of reflux episodes, but also by a lower baseline impedance curve for two distal esophageal channels (8) . Multicenter studies are required in order to assess the need of including the baseline level of impedance in final MII-pH reports (8) . Patients with GERD and hiatal hernia, which affects the anti-reflux barrier efficiency, were shown to experience a greater number of reflux episodes undetected by impedance monitoring (23, 24) .
The results of this study prove that the combined esophageal multichannel intraluminal impedance and pH monitoring (MII-pH) is an essential tool in the diagnostics, as well as in the assessment of treatment and severity of GERD. The authors fully agree with the international expert consensus from 2002 (Oporto) that "Impedance monitoring is the only recording method that can achieve high sensitivity for detection of all types of reflux episode" (3).
